Introduction
Asthma control reflects disease activity over a short period of time. Achieving and maintaining the control of asthma is a major goal in asthma management. [1, 2] Acute exposure to air pollution is associated with adverse respiratory effects in asthmatic adults including increased respiratory symptoms or hospitalizations, or reduced lung function. [3] [4] [5] Evidence showing the effects of chronic exposure to air pollution on asthma incidence in adults is growing. [6] [7] [8] However, studies on the effect of chronic exposure to air pollution on asthma control are scant. In two studies, air pollution exposure was associated with the occurrence of asthma-like symptoms in the last three months and with emergency department visits and/or hospitalizations in the last year. [9, 10] In the first survey of the French Epidemiological study on the Genetics and Environment of Asthma (EGEA), higher exposure to O 3 was associated with more severe asthma in adults [11] .
Following clinical guidelines, asthma control integrates several dimensions, reflecting both acute and chronic activity of the disease: daytime and night-time symptoms, the need for rescue treatment, exacerbations in the past year and lung function. [1, 2] Although worldwide about half of the patients have poorly controlled disease, [12, 13, 14] few epidemiological studies have been conducted to identify the determinants of asthma control, and even fewer have taken into account such a comprehensive measure of asthma control. [12, 15] From the data in EGEA2 (follow-up of EGEA), we propose to study the effect of long-term exposure to air pollution, using yearly modeled estimates, on asthma control, assessed by single criteria and by combining several domains of control to follow as closely as possible 
Asthma control
We defined asthma control in this population as previously published [15] September. This has been previously described. [11, 18] (on-line supplement)
Statistical analysis
First, the association between asthma control and air pollutants was expressed by odds ratios (ORs, reported for one interquartile range (IQR) of the pollutant), derived from multinomial logistic regression. For each factor, the simultaneous assessment of the risk for uncontrolled asthma and for partly-controlled asthma was compared to controlled asthma. Concerning the pollutants for which the proportional odds assumption hypothesis was verified in our data (O 3-sum and PM 10 ), we used the ordinal logistic regression leading to the estimate of a single odds ratio (OR) that gives the risk to go from controlled to partly controlled asthma and from partly controlled to uncontrolled asthma. Generalized linear mixed models were also conducted in order to take into account the family structure and the city dependence of the population. The model integrates that there is a correlation between the subjects living in the same family (i.e.
all members of the family sharing genetic background and/or lifestyle determinants) or inserm-00744473, version 1 -23 Oct 2012 between the subjects living in the same city (i.e. all participants living in the same city being exposed to the same background concentrations of air pollution). The effect of the family structure or city dependence are random while the other effects of the model are fixed.
All the associations are first reported crude and then followed by the multivariate analysis, for each pollutant separately. Variables taken into account in the multivariate analysis were those known to be associated with asthma control in EGEA [14] (on-line supplement) and another
European cohort (ECRHS) [12] . In order to address the independent effect of each pollutant on asthma control, a two-pollutant model was performed, including O 3-sum and PM 10 . Finally, analyses were also conducted on the three domains of asthma control (lung function, symptoms, exacerbations), (on-line supplement). The lack of data on activity limitation in our study did not allow including this domain in the asthma control classification.
Analyses were performed with Stata 9.
Results
Of the 481 subjects included in the analysis, 44%, 29% % and 26% had controlled, partlycontrolled and uncontrolled asthma. Asthma was more often uncontrolled in women (p=0.04) and in older subjects (p=0.003). Subjects with uncontrolled asthma used more inhaled corticosteroids (ICS) (p=0.001),. (Table 1 inserm-00744473, version 1 -23 Oct 2012 ≥ 3 mm to 11 tested allergens, FEV 1 : Forced expiratory volume in 1 second, BHR: Bronchial hyperresponsiveness pd20<4 mg of metacholine, At least one symptom: >1 diurnal symptom per week or an asthma attack in the last 3 months or a nocturnal symptom in the last 3 months, Exacerbations: at least 1 hospitalization or emergency room visit or one course of oral corticosteroids in the last year, ICS: use of inhaled corticosteroids in the last 12 months * collected through questionnaire, † objectively measured in a hospital setting, ‡ modeled at each subject's address inserm-00744473, version 1 -23 Oct 2012 Table 2 shows the results of the crude and adjusted associations between each of the air pollutants and asthma control. O 3-sum and PM 10 were positively associated with partlycontrolled and uncontrolled asthma, with a clear gradient from controlled, partly-controlled and uncontrolled. For these two pollutants, the ORs assessed using the ordinal logistic regression were significant (ORs were 1.69 (95% CI: 1.22-2.34) and 1.35 (95% CI: 1.13-1.64)
for O 3-sum and PM 10 respectively). Taking into account the family dependence of individuals did not change the coefficients (Table 2 ). Adding the city of examination as a third level in the model decreased slightly the ORs for PM 10 but not for O 3-sum , and both associations remained significant (ORs were 1.69 (95% CI: 1.21-2.36) and 1.33 (95% CI: 1.06-1.67) for O 3-sum and PM 10 respectively). The study of the associations between air pollution and each one of the three asthma control domains showed that increased levels of O 3-sum and PM 10 were associated with a lower FEV1.
inserm-00744473, version 1 -23 Oct 2012
However, the association reached the significance level only for PM 10 (p=0.002) ( This study is innovative since it shows for the first time that long-term exposure to air pollution is associated with uncontrolled asthma.
The associations observed in a large sample of well-characterized adults with current asthma were robust: 1) the associations concern the three domains of asthma control which were studied; 2) the associations were confirmed after adjustment on covariates including sex, age, BMI, smoking and ICS use; 3) the associations remained in a multilevel analysis taking into account the family and the city; 4) the associations were not modified after stratification on several covariates.
Due to the multidimensional approach of the control definition, the results increase the evidence of the combined acute and chronic respiratory effects of air pollution.
A major strength of EGEA is the detailed characterization of subjects with asthma using not only epidemiologically-defined criteria but also extensive clinical characterizations, in a country with homogeneous health care access. Phenotype misclassification is thus unlikely.
[17] The detailed EGEA2 questionnaire and examination of the subjects allowed the assessment of asthma control on the basis of the 2006-2009 GINA guidelines. However, EGEA had no information on activity restrictions. The lack of activity data may result in the misclassification of some of the subjects as having 'controlled asthma', resulting most likely in a loss of power of the effects of air pollution. In the ECRHSII study, 1032 patients were classified as having "current asthma" and it was found that activity limitation had an impact on the asthma control level in 8.7% subjects (unpublished data). Thus, the lack of this dimension in the EGEA data is expected to impair asthma control classification in a few subjects only. We are aware that the current updated GINA guidelines now include aspects
related to future risk, an aspect of importance from a clinical perspective, but difficult to assess clinically and impossible to include in epidemiological studies.
Another strength of our analysis is the robustness and consistency of the findings. For both pollutants (PM 10 and O 3 ), all estimates of the stratified analyses by sex, age, smoking, use of ICS, atopy, BMI, season of examination and age of asthma onset were above one and in the same order of magnitude. Furthermore, both pollutants were associated with each of the three domains of asthma control, although the estimates were more stable and significant when using the integrated measure of asthma control. This indicates that results are not driven by one domain.
In the bi-pollutant model, the effect of both pollutants (O 3-sum and PM 10 ) remains, suggesting that the effect of both pollutants are independent. This may reflect different mechanisms by which each one affects asthma control. For example O 3 is a potent oxidant [19, 20] , while PM 10 has oxidant properties and is an irritant producing local inflammation [20, 21] .
One of the limitations of our study is the relatively large spatial scale of the air pollution models: 4 km 2 grids. While this is appropriate for secondary or long-range pollutants with a relatively homogeneous distribution over longer distances (e.g. O 3 or PM 10 ), this spatial scale cannot capture local traffic-related pollution as small-scale spatial contrasts are substantial for such pollutants [17] . Models with higher spatial resolution have successfully used NO 2 as a marker for local traffic-related pollutants whereas our NO 2 model fails to capture local conditions, resulting in large and most likely random misclassifications of exposure. This could explain why we do not find any association between NO 2 and asthma control. However, spatial contrasts of median-range pollutants -relevant in our analyses-are unlikely to vary much from one year to another although the absolute concentrations may differ across inserm-00744473, version 1 -23 Oct 2012
years. [22] Results among subjects who had been living for at least two years in the same place as in 2004 were similar, indicating that this issue not to be of major relevance in our study.
Stressful living conditions may confound the observed associations if those correlate both with asthma control and air pollution on the spatial scale used in our analyses. We do not have indicators of stress available, thus, a formal assessment of this concern is not possible.
However, the multilevel analyses took into account 'city', thus, stressors associated with the city level would have been taken into account. The estimates were similar with and without control for city. While there is an extensive literature about the acute effects of exposure to air pollution on different asthma control features, the long term effects of exposure to air pollution on asthma control are unclear. Furthermore, most studies in asthma-air pollution were carried out in children. Hospitalizations or emergency visits for asthma were increased on days with higher air pollution concentrations. [5, 23] Fewer studies have found associations between acute exposure to traffic-related air pollution and lung function in asthmatics. [24] To our knowledge, only two studies aimed to address the long term effect of air pollution on some measures of asthma control. In a population based study, living close to high traffic density roads was associated with poorer asthma control, assessed by more than one respiratory symptom per week or at least emergency department visit or hospitalization in the inserm-00744473, version 1 -23 Oct 2012 last year. [10] They found an association between O 3 and asthma control only in the elderly, and between PM 10 and asthma control only in women. [9] In their second study in adults, O 3 , PM 10 and PM 2.5 were significantly associated with symptoms but not with emergency department visits or hospitalizations. [9] Our findings, in which asthma control features were combined with lung function and the use of reliever treatment, are in agreement with these studies.
In our study, the association of PM 10 with asthma control seemed to be stronger in men. The existing literature about the difference of the air pollution effects according to sex is quite inconsistent, even if more studies report greater effects in women. [25] As underlined recently, more studies are needed on this aspect to clarify gender differences and assess the role of biological (i.e. men have larger airways allowing larger pollutants such as PM 10 to penetrate deeper), socio-cultural, and exposure assessment factors (i.e. women tend to spend more time at home) which may explain such differences. [26] The association between O 3 and PM 10 and asthma control were not modified by smoking, the ICS use, atopy, BMI, age of asthma onset and season; although we did observe some nonstatistically significant differences in the point estimates for air pollution exposure between some of these groups. Larger studies may assess whether the apparently higher associations with pollution observed in some of these subgroups may be replicated, while we may conjecture about possible reasons for the observed but non-significant differences. In nonsmokers exposed to ETS, stronger associations of pollution with asthma control tended to be shown compared to smokers or non-smokers not exposed to ETS. This could be explained by the fact that ETS and air pollution share similar mechanisms of lung damage. [26, 27] In subjects using ICS, there is also a tendency for higher effects of air pollution, possibly reflecting a subgroup with more severe asthma that could be more susceptible to air pollution inserm-00744473, version 1 -23 Oct 2012
effects. [28] In contrast to other findings, subjects with higher BMI are not more susceptible to air pollution in our data. [29] However, most studies showing greater susceptibility of overweight subjects to air pollution were for cardiovascular outcomes. Estimates were also somewhat stronger among non-atopic subjects, while few studies reported atopic subjects to possibly react stronger to air pollution due to interactions between aeroallergens and pollutants. [30] Estimates were also stronger in subjects with childhood asthma, this would suggest that air pollution affects more asthma control in subject who has been asthmatic for a long time. However, our study design is not tailored to address all these questions. The associations with O 3 seemed to be higher for subjects examined during summer rather than winter. Reporting is most accurately recalled for the conditions during the past few weeks and months, thus, participants during summer provide more accurate data for the spring and summer. Furthermore, the exposure metric is the summer condition (O 3-sum ), therefore this finding is expected.
The use of a composite asthma control classification is novel in air pollution research.
Whereas air pollution was measured over one year, asthma control was assessed based on acute or subacute asthma events. In this study, the "long-term" expression is used as opposed to day-to-day variations in the air pollutants concentrations. The models used to assess air pollution exposure were developed for the year 2004 which is a reasonable estimate of the longer-term average air quality given that the variation of annual means of background air pollutants is rather limited. An interesting question is whether 'asthma control' reflects a summary of the acute effect of air pollution on asthma and how it relates to the chronic development and worsening of the disease. As shown in general populations, a single measure of lung function may be affected independently by the level of pollution on the day of the exam and the long-term exposure. [31, 32] To formally disentangle the chronic from the acute inserm-00744473, version 1 -23 Oct 2012 effects of air pollution requires different study designs and estimates of daily levels of air pollution that were not available in our population. Results support an effect of long term exposure to air pollution on asthma control in adulthood in subjects with pre-existing asthma.
It remains possible however, that as suggested for occupational asthmogens, environmental insults may also induce directly a more severe form of disease. [33] Increasing evidence suggest that environmental exposures play a role at the various steps of the disease process.
However, whether long term exposure to air pollution is at the same time a cause for the development of the underlying chronic asthma pathology is subject to investigations and cannot be addressed with the data used in this analysis.
In summary, our results indicate that both ambient O 3 and PM 10 concentrations jeopardize asthma control in adults. The results are robust. The clinically relevant concept of "asthma control" with its integrated assessment of acute and chronic dimensions of the disease offers novel ways to quantify and monitor the public health relevance of air pollution among adults with asthma.
What this papers adds:
• What is already known on this subject: Acute exposure to air pollution is associated with adverse respiratory effects in adults with asthma such as the increase in emergency visits, exacerbations, medication intake, symptoms, etc. However, the effect of longterm exposure to air pollution on asthma control, assessed by combining several domains of control reflecting both acute and chronic respiratory conditions, has never been studied.
• What does this study add: Our results suggest a robust association between long-term exposure to O 3 and PM 10 
